Surface broadcast of broiler litter to no-till row crops exposes the litter and its nutrients to risks of loss in runoff water and volatilization and may limit the potential benefit of litter to the crops. Subsurface banding of litter could alleviate these risks. A field study was conducted in 2008 and 2009 on an upland Falkner silt loam soil to determine the effect of broiler litter placement on runoff nutrient losses from no-till cotton (Gossypium hirsutum L.). Treatments included surface broadcast broiler litter applied manually, subsurface-banded litter applied by tractor-drawn equipment, and no broiler litter, all in combination with or without winter wheat (Triticum aestivum L.) cover crop residue. Broiler litter rate was 5.6 Mg ha −1 . The experimental design was a randomized complete block with a split-plot arrangement of treatments replicated three times. In 2008, simulated rainfall was used to generate runoff 27 d after litter application. Subsurface-banded litter reduced runoff total C, N, P, NH 4 , NO 3 , Cu, Zn and water-soluble P (WP) concentrations by 72, 64, 51, 49, 70, 36, 65, and 77%, respectively, compared with surface broadcast. The reductions were greater in 2009 where runoff occurred 1 d after litter application. Bacterial runoff was decreased by one log with subsurface-banded litter compared to surface broadcast. Except for C, NH 4 + , N, and WP, the presence of winter cover crop residue did not affect the load or runoff nutrient concentrations in either year. The results indicate that subsurface banding litter to no-till cotton substantially reduces nutrient and bacterial losses in runoff compared with surface broadcasting.
Surface broadcast of broiler litter to no-till row crops exposes the litter and its nutrients to risks of loss in runoff water and volatilization and may limit the potential benefit of litter to the crops. Subsurface banding of litter could alleviate these risks. A field study was conducted in 2008 and 2009 on an upland Falkner silt loam soil to determine the effect of broiler litter placement on runoff nutrient losses from no-till cotton (Gossypium hirsutum L.). Treatments included surface broadcast broiler litter applied manually, subsurface-banded litter applied by tractor-drawn equipment, and no broiler litter, all in combination with or without winter wheat (Triticum aestivum L.) cover crop residue. Broiler litter rate was 5.6 Mg ha −1 . The experimental design was a randomized complete block with a split-plot arrangement of treatments replicated three times. In 2008, simulated rainfall was used to generate runoff 27 d after litter application. Subsurface-banded litter reduced runoff total C, N, P, NH 4 , NO 3 , Cu, Zn and water-soluble P (WP) concentrations by 72, 64, 51, 49, 70, 36, 65 , and 77%, respectively, compared with surface broadcast. The reductions were greater in 2009 where runoff occurred 1 d after litter application. Bacterial runoff was decreased by one log with subsurface-banded litter compared to surface broadcast. Except for C, NH 4 + , N, and WP, the presence of winter cover crop residue did not affect the load or runoff nutrient concentrations in either year. The results indicate that subsurface banding litter to no-till cotton substantially reduces nutrient and bacterial losses in runoff compared with surface broadcasting.
Runoff Quality from No-Till Cotton Fertilized with Broiler Litter in Subsurface Bands
A. Adeli,* H. Tewolde, M. W. Shankle, T. R. Way, J. P. Brooks, and M. R. McLaughlin N o-till crop production has become the most common form of conservation tillage in the United States. Many acres of cotton in upland soils of the midsouth are in no-till systems (Meyer et al., 1999; Boquet et al., 2004) . More than two-thirds of U.S. broiler production is located in the southern and southeastern United States, generating substantial amounts of broiler litter in the region (USDA-NASS, 2009 ). Broiler litter has long been recognized as a desirable organic fertilizer as it contains essential nutrients required for plant growth and organic matter for improvement of soil quality (Vest et al., 1994; Sims and Wolf, 1994; Moore et al., 1995; Tewolde et al., 2005) . As row crop input costs have increased, reducing grower profit, interest in using broiler litter as a less expensive source of plant nutrients has also increased. Despite the cost-effectiveness of broiler litter as an organic nitrogen and phosphorus fertilizer, the potential impairment of surface water from soluble nutrients, metals, and pathogens in broiler litter is a concern, particularly in conservation tillage systems (Westerman et al., 1983; Sharpley and Smith, 1991; Edwards and Daniel, 1993; Shreve et al., 1995; Tabbara, 2003; Bakhsh et al., 2005; Thurston-Enriquez et al., 2005) .
Mechanical spreaders that broadcast manures and other similar materials on the soil surface are the current technology for application of broiler litter. Broadcast application of litter disperses nutrients on the soil surface and leads to substantial losses of litter nutrients in surface runoff following rain events (Westerman et al., 1983; Edwards and Daniel, 1993; Shreve et al., 1995; Moore, 1998; Wood et al., 1999; Han et al., 2000) . Edwards and Daniel (1993) reported losses of 2.2 to 7.3% of broiler litter total P in runoff water following surface application. Kleinman and Sharpley (2003) reported that application of poultry litter in a no-till system concentrates P at the soil surface where it is vulnerable to runoff. Runoff P can contribute to excessive nutrient loading of lakes and streams that subsequently become eutrophic, leading to increased aquatic vegetation growth and increased biological oxygen demand (Sharpley et al., 1994; Parry 1998; Carpenter et al., 1998) . Surface application of broiler litter without incorporation in no-till fields exposes the litter N to potential loss through NH 3 volatilization, which is an added air quality concern (Sharpe et al., 2004) . The transfer of N and P from terrestrial systems not only poses potential problems for aquatic ecosystems by contributing to eutrophication (Carpenter et al., 1998; Sharpley et al., 2003) and to degradation of air quality but also reduces nutrient availability for crop production and may affect yields. Tewolde et al. (2008) reported that a lack of litter incorporation in no-till cotton soil leads to a reduction of lint yield by 8% compared with litter incorporation practices. Alternative management practices that place manure nutrients in the root zone may help mitigate this problem and make the nutrients more available to the crops. In recent years, innovative implements have been developed and used to apply poultry litter below the soil surface (Way et al., 2010; Pote et al., 2003 Pote et al., , 2011 Watts et al., 2011; Kibet et al., 2011) . Placing broiler litter in narrow bands below the soil surface has been shown to be a successful technique for reducing nutrient losses in surface runoff. For example, Watts et al. (2011) reported that subsurface banding of poultry litter to bermudagrass (Cynodon dactylon L.) reduced concentrations of inorganic N (91%), total N (90%), dissolved reactive P (86%), and total P (86%) in runoff water compared with surface broadcasting. Sistani et al. (2009) using a similar implement in a study in which broiler litter was applied in shallow trenches to tall fescue (Festuca arundinacea Schreb.) reported that losses of N, P, and Escherichia coli were more than 13, 17, and 100 times greater from surface broadcast litter than from subsurface-banded litter, respectively. Ross et al. (1979) reported that N and P losses in runoff were almost completely eliminated when dairy manure was injected into the soil. To date, much of the work related to subsurface banding of broiler litter on nutrient losses in surface runoff has been done in pasturelands or under forage production systems (Pote et al., 2003 (Pote et al., , 2011 Sistani et al., 2009; Watts et al., 2011) . Limited information is available on nutrient losses in surface runoff from no-till cotton fertilized with broiler litter applied in subsurface bands in the presence or absence of winter wheat cover crop residue. Producers need manure and crop management options that decrease nutrient losses and increase nutrient availability to their crops.
The objective of this study was to determine the effect of broiler litter placement (subsurface narrow band vs. surface broadcast) and cropping system (winter wheat cover crop vs. no cover) on the fate and transport of nutrients in surface runoff from a no-till cotton production system. We hypothesized that a combination of broiler litter placement and winter cover crop residues would decrease nutrient losses in surface runoff while increasing positional availability of nutrients for the crops.
Materials and Methods

Experimental Design and Site Characterization
A field study was conducted in 2008 and 2009 at the Mississippi Agricultural and Forestry Experiment Station near Pontotoc, MS (34°8¢30² N, 88°59¢36² W), in a Falkner silt loam (fine-silty, siliceous, active, thermic Aquic Paleudalfs) soil. The field was managed as no-till. The site had a uniform slope of 5%. The moderate slope helped promote surface runoff and was typical of the surrounding topography.
The experimental design was a randomized complete block with a split-plot arrangement of treatments replicated three times. The two main plots were no cover crop and winter wheat cover crop in which wheat was planted in the fall using a tractor-mounted drop seeder (drilled seed) at a seeding rate of 112 kg ha broiler litter applied as surface broadcast, 5.6 Mg ha −1 broiler litter applied as a subsurface band, and no broiler litter application. Initial soil samples were taken from the 0-to 15-cm depths in each plot before treatment applications. Soil samples were air dried, ground to pass through a 2-mm sieve, and analyzed for chemical properties. Soil pH was determined on a 1:1 soil-to-water ratio (Watson and Brown, 1998) . Soil samples were extracted with Mehlich-3 soil extractant (Mehlich, 1984) using 2 g of soil with 20 mL of extractant, shaken for 5 min and filtered through a Whatman 42 filter (Whatman Chemical Separation, Inc., Clifton, NJ), followed by determination of P, K, Ca, Mg, Cu, and Zn using an inductively coupled dual axial argon plasma spectrophotometer (ICP Thermo Jarrell-Ash Model 1000, Franklin, MA. Soil total C (TC) and total N (TN) were determined using an automated dry combustion method using a ThermoQuest (CE Elantec, Inc., Lakewood, NJ) C/N analyzer. To determine inorganic N (NH 4 + -N and NO 3 − -N), soil samples were extracted with 2 M KCl (1:10 soil/extractant) using 10 g of soil with 100 mL of extractant, shaken for 30 min, filtered through Whatman 42 and followed by nutrient determination using a Lachat instrument (QC 8000 flow, injection analyzer; Lachat, Loveland, CO). Soil bulk density (0 to 10 cm) was determined as described by Tester (1990) . Soil cores were collected from the 0-to 15-cm depth using a typical hand-held, hammer-driven, double cylinder core sampler. The core weight was determined at field moisture and after oven drying and bulk density was calculated by dividing the mass by the volume of soil. Initial soil chemical and physical properties are shown in Table 1 .
Broiler litter collected from a commercial broiler operation in the region was applied on 7 May 2008 and 19 May 2009. The litter for the subsurface band treatment was applied using a tractor-mounted four-row prototype subsurface banding applicator developed at USDA-ARS, National Soil Dynamics Laboratory, Auburn, AL. For each band, the applicator formed a narrow trench in the soil, 5 cm wide, dropped the litter into the trench, and then backfilled soil on top of the litter using press wheels to seal the trench. The litter was banded approximately 5 to 8 cm deep, 15 cm away from the planting. For the broadcast treatment, the litter was spread on the soil surface by hand to mimic mechanical spreaders. The untreated check was not fertilized. Cotton cultivar DP 143 B2RF was planted using a four-row planter ( At the time of application, a litter sample was taken, and pH was measured with a pH probe using a solid:solution ratio of 1:5 and an equilibration time of 15 min. Total C and N were analyzed in fresh litter with an automated dry combustion method using a ThermoQuest C/N analyzer. The litter available N (NH 4 + -N and NO 3 − -N) was determined in fresh litter samples by extraction with 1 M KCl (1:5 solid:solution ratio) using a 30-min reaction time, filtered through Whatman 42 filter and followed by colorimetric analysis with a Lachat instrument. At the same time, 20 g of litter was weighed into an aluminum tin and oven dried at 65°C until the weight of the litter no longer changed for determination of litter moisture. Total P (TP), K, Ca, Mg, Cu, and Zn content of broiler litter were determined by dry ashing 1 g from a fine-ground sample in a ceramic crucible at 500°C for 4 h followed by the dissolution of the ash in 1.0 mL of 6 M HCl for 1 h, then dissolution in an additional 40 mL of a double acid solution of 0.0125 M H 2 SO 4 and 0.05 M HCl for another hour, and filtering through Whatman # 2 paper (Southern Cooperative Series, 1983) . The filtrate was analyzed using an inductively coupled plasma (ICP). Selected characteristics of broiler litter and N and P application rates in 2008 and 2009 are listed in Table 1 . ). Wheel traffic in the plots was controlled, and only nontrafficked areas were used for rainfall simulations. Each microplot was isolated with a stainless-steel frame (0.25 m deep) installed to a depth of 0.10 m on the upslope end and on both sides of each microplot. Each runoff plot encompassed two manure bands and two rows of cotton. A triangular stainlesssteel runoff collector was installed at the lower end of each runoff plot and a hole was excavated in the soil at the base of the runoff collector to accommodate a carboy for runoff water collection.
Runoff Sampler Design and Construction
Rainfall Simulations and Runoff Collection
A rainfall simulator was used each year to generate surface water runoff. Rainfall was created using a TeeJet 1/2 HH-SS50WSQ nozzle (Spraying System Co., Wheaton, IL) approximately 2.5 m above the soil surface to achieve terminal velocity of water droplets . Rainfall simulations were begun on 3 June 2008 (27 d after litter application) and 20 May 2009 (1 d after litter application). Fortunately, no natural rain had fallen on the plots before rainfall simulations, and all simulations were finished within 1 d. The rainfall simulator delivered rain at a rate of 56 mm h −1 . The time from the start of rainfall until the initiation of runoff was recorded and then rain was applied for an additional 15 min, and all runoff was collected in carboy containers. In each plot, runoff volume in the collection container was measured, agitated vigorously and a subsample was placed into a 250-mL sample bottle for analysis. The water samples were immediately placed in a cooler containing icepacks and transported to the laboratory. After determining pH, a portion of each sample was centrifuged at 5000 rpm (7826 × g) and filtered through a 0.45-mm membrane filter; both the filtered and unfiltered samples were stored at 4°C until analyzed. Rainwater samples from the simulator were also collected during each event and used to determine background nutrient concentrations.
Runoff Analysis for Nutrient and Microbial Concentrations
Exactly 5 d after collection, frozen samples were thawed at room temperature, shaken to resuspend sediments, and the second portion of unfiltered samples centrifuged and filtered through a 0.45-mm membrane filter to evaluate whether water-soluble P (WP), NH 4 + -N and NO 3 − -N differed before and after storage. The remaining unfiltered samples were used for determination of total P, N, C, Cu and Zn concentrations. Water-soluble P was measured directly in the filtered runoff samples using an ICP. The concentrations of NH 4 + -N and NO 3 − -N were determined in the filtered samples using a Lachat instrument. For each runoff event, mass loss (load) of each constituent per plot was calculated by multiplying total runoff volume by runoff concentration. To determine total solids (TS), a 50-mL aliquot of the unfiltered runoff sample was evaporated in a weighing dish and dried in an oven at 105°C until the weight of the dish no longer changed (USEPA, 1999) ; the increase in weight over that of the empty dish represented the TS. Total dissolved solids (TDS) were determined similarly by filtering the water sample through a 0.45-mm filter to separate the suspended solids from dissolved solids; then the filtrate was evaporated in a preweighed dish and dried in an oven at 105°C until the weight of the dish no longer changed. The increase in weight of the dish represents the TDS(USEPA, 1999). The difference between TS and TDS represented total suspended solids (TSS) (Tabbara, 2003) . Total P, Cu, and Zn levels in the unfiltered runoff samples were determined by digesting 5 mL of each sample with 1 mL of concentrated H 2 SO 4 and 0.3 g of potassium persulfate (K 2 S 2 O 8 ) on a digestion block and then diluting to 10 mL with deionized water (Pote and Daniel, 2009 ). Digested samples were analyzed for total P, Cu, and Zn using -
Soil ( the ICP spectrophotometer. Total C in unfiltered samples was measured using a carbon analyzer (TOC-5000; Shimadzu, Kyoto, Japan). Unfiltered runoff samples were digested for total Kjeldahl N (TKN) using a modified micro-Kjeldahl procedure described by Nelson and Sommers (1973) . Microbial concentrations in runoff samples were quantified for bacteria contents with 16S rRNA gene primers (Nadkarni et al., 2002) . These primers were chosen to quantify general bacterial runoff coming from the plots, as an indicator of treatment effects, particularly when other traditional indicators were exhausted or not present in the source litter (Adeli et al., 2011) . Runoff samples were frozen at −20°C before DNA extraction. DNA was extracted from 400 mL of unfiltered samples using a QiAmp DNA Stool Mini kit (Qiagen; Valencia, CA) following the manufacturer's instructions. Extracted DNA was subjected to quantitative polymerase chain reaction (qPCR) using the following cycling conditions: one cycle at 95°C (10 min) and 40 repetitions of two temperature cycles at 95°C (15 s) and 60°C (30 s). The qPCR reaction conditions were established using 12.5 mL of the ABI SYBR green master mix (Applied Biosystems; Foster City, CA), 1.0 mL each primer (10 µM), and polymerase chain reaction (PCR)-grade H 2 O to 23 mL, followed by addition of 2 mL of DNA template. Reactions were performed in an ABI 7300 real-time system using ABI SYBR green master mix (Applied Biosystems) and sealed with PCR-grade sealing film. Positive controls and standards were developed by extracting DNA from E. coli ATCC 25922 (American Type Culture Collection; Manassas, VA) followed by PCR amplification of the 16S rRNA gene to a total of 10 8 copies or genomic units (GU). The amplified product was serially diluted to achieve a range of 10° to 10 6 GU per standard well. Standard curves, controls, and samples were run in duplicate. Microbial counts were measured by targeting and reporting the 16S rRNA subunit of total bacteria in GU 100 mL −1 .
Data Analysis
All data were analyzed using the PROC MIXED procedure for SAS (Littell et al., 2002) . Cropping system and broiler litter fertilization placement were analyzed as fixed effect factors and replication and its interaction with treatments as random effect factor. Because the year × placement interaction was significant for most of the dependent variables the effects of treatments were evaluated separately in each year. A significance level of P < 0.05 was established for declaring a significant difference.
Results and Discussion
The method of broiler litter application to upland cotton under the no-till system affected the amount of rain required to generate runoff. The amount of rain required to produce 15 min of runoff was much greater for subsurface litter application (P < 0.021) than for surface broadcast and control plots (Table  2 ). There were no differences in the amount of rain required to produce 15-min runoff between surface broadcast and control treatments. The opening of one shallow trench (5-8 cm deep and 5 cm wide) per row in the subsurface application plots partially disturbed the soil, likely increased infiltration of applied rainfall, and delayed the initiation of runoff. The presence of a cover crop residue had no effect on the amount of rainfall needed to produce runoff (Table 2) .
Runoff Nutrient Concentrations and Transport Losses
Placement of broiler litter affected (P < 0.0001) runoff nutrient concentrations in 2008 and 2009. Concentrations of all nutrients were greater in runoff from surface-applied broiler litter than from subsurface or control treatments in both years (Tables  3 and 4 ). In 2008, the TC concentration in runoff averaged across cropping systems was greater for the surface broadcast treatment (22 mg L −1 ) than for subsurface treatment (Table 3) . After subtracting the background (control) losses from each litter application method, subsurface placement of litter reduced TC in surface runoff by 90% compared with surface application. Although broiler litter was subsurface applied to cotton at the rate of 5.6 Mg ha −1 , no differences in TC were observed in runoff between the subsurface banded litter and the control treatments (Table 3) . This was not surprising because litter was banded at a depth of 5 to 8 cm, precluding contact between litter and surface runoff. In agreement with results presented here, Sharpley (1985) reported the effective depth of interaction between surface soil and surface runoff is the upper 2.5 to 5 cm.
The mass loss (load) of TC, which is the product of concentration and corresponding runoff volume, followed the same pattern as runoff TC concentration and was greatest with surface broadcast of litter (131 g ha ) and the control (33 g ha −1
; Table 3 ). Subsurface band application of broiler litter reduced mass load of TC by 99% compared with surface broadcast application.
The TC concentration in runoff was significantly (P = 0.0044) affected by the cropping system. Cover crop treatment results 12 † Means for placement averaged across cropping system treatments. Means in columns followed by different letter are significantly different at P ≤ 0.05 level. Means in columns followed by no letter are not significantly different at P ≤ 0.05 level. ‡ Means for cropping system treatment averaged across broiler litter placement treatments. Means in columns followed by no letter are not significantly different at P ≤ 0.05 level.
averaged across litter placement treatments showed increased TC in runoff from cover crop plots (13.5 mg L −1 ) compared with no cover crop (8.7 mg L −1 ), a 36% increase (Table 3) . Greater TC in runoff from cover crop treatment plots than from no cover treatment plots could be related to increased water-soluble C resulting from decomposition of cover crop residue, as reported by Schreiber (1999) .
In 2008, the concentrations of TN, NH 4 + -N, and NO 3 − -N in runoff water were significantly influenced by broiler litter placement (P < 0.0001). Runoff N concentrations were greater from surface applications than from subsurface banding (Table   3 ). Subsurface banding reduced surface runoff concentrations of TN, NH 4 + -N, and NO 3 − -N by 94, 87, and 84%, respectively. As in the present study, Zhao et al. (2001) reported lower NO 3 − -N losses in surface runoff from incorporated manure treatments compared with nonincorporated manure in a no-till system. In contrast to results of the present study, Eghball and Gilley (1999) , using rainfall simulation, reported greater NO 3 − -N concentration in runoff when manure was incorporated into the soil. No differences in runoff N concentrations between subsurface banding and control treatments were observed in the present study (Table 3) . In 2008, when the runoff occurred 27 d 101 † TC, total carbon; TN, total nitrogen; WP, water-soluble phosphorus; TP, total phosphorus; TSS. total suspended solids. ‡ Means for broiler litter placement averaged across cropping system treatments. Means in columns followed by different letter are significantly different at P ≤ 0.05 level. § Means for cropping system averaged across broiler litter placement treatments. Means in columns followed by no letter are not significantly different at P ≤ 0.05 level.
after litter application, NH 4 + -N concentrations in runoff from subsurface banding were less than 2.5 mg L −1 , an upper threshold value set for the protection of aquatic life (USEPA, 1986) . In addition, NO 3 − -N concentrations in runoff from subsurface banding treatments did not exceed the drinking water threshold of 10 mg NO 3 − -N L −1 (Morales-Suarez-Varela et al., 1995) . These results suggest that the subsurface banding method is effectively protecting exposure of the litter to runoff and preventing any significant nutrient losses.
The loads of N followed trends similar to the concentrations of runoff N. Compared with surface broadcast application, subsurface banding reduced the loads of TN, NH 4 + -N and NO 3 − -N by 99, 88, and 95%, respectively (Table 3) . No differences in loads of N fractions were observed between subsurface banding application and the control (Table 3) . Among all the N forms, only NH 4 + -N was affected by cropping system (P = 0.0034). Runoff NH 4 + -N concentrations and loads averaged by cropping systems were significantly greater, 20 and 15% increases, respectively, for cover crop than for no cover (Table 3) .
In 2008, broiler litter application method significantly affected both TP and WP in runoff (P < 0.0001). The effect of broiler litter placement on P fractions in runoff was similar to its effect on N fraction concentrations. Averaged across cropping systems, surface broadcast broiler litter application resulted in greater runoff WP and TP than did subsurface banding and no-manure control (Table 3) . Subsurface banding of broiler litter reduced WP by 91% and TP by 83% compared with surface broadcast. Concentrations of WP in runoff in the present study were similar to those reported by Pote et al. (2003) , who concluded that incorporation of broiler litter into pastureland reduced dissolved reactive P by 80% compared with surface application. The concentrations of WP and TP in subsurfacebanded litter treatments in the present study were very close to those of the control plots. No differences in runoff WP and TP concentrations were observed between subsurface broiler litter application and the control (no broiler litter) ( Table 3) .
The loads of WP and TP followed the same patterns as the concentrations of these nutrients in runoff. Averaged across cropping systems, the loads of WP and TP from plots with surface broadcast litter were greater than those from plots with subsurface-banded litter (Table 3) . Subsurface banding of litter reduced WP and TP loads by 88 and 89%, respectively, compared with surface broadcast litter. No differences were found in TP and WP loads between the control and subsurface banding (Table 3 ). In a similar study, Sistani et al. (2009) also found that loads of DP and TP were significantly reduced in surface runoff when poultry litter was subsurface applied to a tall fescue pasture.
The effects of cropping system on WP were significant (P = 0.0011). Averaged across broiler litter application methods, cover crop residue increased WP concentration in runoff 30% compared with no cover crop (0.47 vs. 0.33 mg L −1 , respectively; Table 3 ). However, TP concentration in runoff was not affected by cropping system treatment.
In 2008, increasing runoff TC, NH 4 + -N, and WP with cover crop treatment may be related to the crop residue, which, when subjected to rainfall, has been found to be a significant source of soluble nutrients in agricultural runoff (Schreiber, 1985) . Plots with residue have greater hydraulic resistance than plots without residue, thus increasing the residence time for nutrients to be dissolved in runoff (Nicolaisen et al., 2007) . As residue decomposed, the fraction of water-soluble C, NH 4 + -N, and P in plant residue increased, resulting in higher concentration of those nutrients in runoff. In agreement with results of the present study, Schreiber (1999) reported significant amounts of PO 4 -P and NH 4 + -N in leachate from corn residue. In 2008, similar to the other nutrients, Cu and Zn concentrations in surface runoff were significantly affected by broiler litter placement (P = 0.0077 and P = 0.0068). Averaged across cropping systems, surface broadcasting resulted in greater Cu and Zn concentrations in surface runoff compared with subsurface banding (Table 3) . Subsurface banding of broiler litter reduced runoff Cu and Zn concentration by 80 and 94% compared with surface broadcasting. No differences in Cu and Zn concentrations in runoff were found between subsurface banding and the control (Table 3) .
In 2009 (Tables 3 and 4) . These large differences in runoff nutrient concentrations between 2008 and 2009 are likely related to the timing of the respective rain events after the respective litter applications. In 2008, litter was applied on 7 May and simulated rain was applied 27 d later on 3 June. In 2009, litter was applied on 19 May and simulated rain was applied the next day on 20 May. The greater concentration of TC, TN, TP, Cu, and Zn in surface runoff in 2009 than 2008 could be related to the litter density, which was relatively low when surface applied. If the time between application and rainfall is too short and the litter has insufficient time to settle into intimate contact with the soil, litter is more vulnerable to be transported. This is in agreement with the work by Sharpley (1997) , who reported the time interval between manure application and the runoff event greatly impacts the magnitude of nutrient losses in runoff. Smith et al. (2007) also reported that as the duration between swine manure application and the first runoff event increased, the risk of P and N losses to runoff water decreased. These results are also consistent with the work by Adeli et al. (2006) , who reported that TP concentration was lower in runoff generated 9 d after broadcast litter application to bermudagrass compared with TP concentration in runoff generated immediately after application.
The 98, 99, 100, 95, 99, 99, 99 , and 96%, respectively, compared with surface broadcast. Averaged across broiler litter placements, cover crop residue treatments had no effect on runoff nutrient concentrations in 2009 (Table 4) .
In 2009, the loads of nutrients followed the same patterns as the runoff nutrient concentrations. Averaged across cropping systems, the losses of TC, N, and P fractions from plots with surface broadcast litter were greater than those from plots with subsurface banding (Table 4) . Subsurface banding reduced total C, N, and P by 98, 99, and 99%, respectively, compared with surface broadcast application. The presence of cover crop residue had no effect on the mass losses of nutrients in 2009 (Table 4) .
Runoff Sediment and Bacteria
Broiler litter placement affected TSS in surface runoff in both years (P = 0.0423 and P < 0. ). These results are in agreement with the work of Little et al. (2005) , who reported that manure treatments reduced TSS loads and concentrations compared with control treatments. Manure is known to have inhibitory effects on soil loss by protecting soil from raindrop impact, reducing particle detachment, and preventing surface sealing (Grande et al., 2005) . Wood et al. (1999) reported that lower sediment concentration in runoff from broiler litter-treated soil is attributed to litter residue and increased soil organic matter content, which increase water infiltration and decrease soil loss. In both years of the present study, runoff TSS concentration was greater with subsurface banding than with surface broadcast application (Tables 3 and 4 ). Greater TSS with subsurface banding could be related to soil disturbance from the banding trenches. The effect of subsurface banding of broiler litter on TSS in runoff water was greater in 2009 than 2008, likely due to the difference in timing between litter applications and runoff events (1 d vs. 27 d, respectively) (Tables 3 and 4) .
Cover crop had no effect on TSS load and concentration in runoff water in 2008 (P = 0.1342) or 2009 (P = 0.2435). These results reflect the fact that the cover crop was killed approximately 60 and 40 d before simulated rainfall in 2008 and 2009, respectively; hence, the capacity of the cover crop to trap sediment was greatly diminished.
Averaged across cropping systems and years, surface broadcast application yielded more bacterial runoff (6.41 × 10 10 GU 100 mL −1 ) than did subsurface litter application (2.24 × 10 9 GU 100 mL −1
) and the control (1.70 × 10 9 GU 100 mL −1
; Fig. 1 ).
The bacterial count in the subsurface band treatment was much less than that in the surface broadcast treatment, meaning subsurface banding application reduces the risk of surface water contamination by manure bacteria. Averaged across broiler litter placements, bacteria in runoff from plots with cover crop residue was more concentrated (3.04 × 10 10 GU 100 mL −1
) than from plots with no cover crop residue (5.90 × 10 9 GU 100 mL −1 ), presumably due to increased phyto-bacterial diversity in cover crop plots.
Conclusions
Our research contributes to the demonstration of the agronomic and environmental advantages of the method. The results show that subsurface application prevented direct contact between broiler litter and surface water and greatly reduced loss of mineral nutrients and bacteria in runoff. The reduction relative to the conventional surface broadcast was so great that the runoff nutrient and bacteria concentration from the soil that received 5.6 Mg ha −1 litter by subsurface banding was essentially the same as the soil that received no litter (control). Subsurface banding of poultry litter could, therefore, be considered an effective practice in eliminating water quality degradation from broiler litter fertilization of upland cotton. Further research on subsurface band application of poultry litter is needed for determining optimal band depths and lateral positions of bands relative to crop rows, as well as optimal timing of application for various crops. 
